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INtRODUCtION
The high cost of broiler feeds has stimulated an increasing demand for alternative feed stuffs,including pearl millet (Pennisetumamericanum L. Leeke), which is cultivated for different purposes in four million hectares in Brazil annually. In the Midwestern region of Brazil, it is planted in the spring using a no-tillage system as a cover crop to supply nutrients for the next summer crop or during the second harvest for soil cover, nutrient cycling, and grain production (Netto & Durães, 2005) . The surplus of grains harvested for seed and not used for planting is sold as feedstuff, at 60-75% of the average corn price.
Pearl millet (PM) has higher protein content, but lower apparent metabolizable energy (AMEn) than corn for broilers (Rostagno et al., 2011) . However, according to Murakami et al. (2009) , the AMEn of modern PM hybrids is very similar to that of corn. Pearl millet can be added at 40% to pre-starter and starter iso-nutrient broiler diets (Gomes et al., 2008) with no harm to their performance. Davis et al. (2003) concluded that it was feasible to include 50% PM in iso-nutrient diets, and Murakami et al. (2009) asserted that it is profitable to replace 100% corn by PM in the diets of broilers of all phases. According to Baurhoo et al. (2011) , broiler performance was superior when corn was completely replaced by PM in diets. On the other hand, with complete and isometric replacement of corn by different millet types, Rao et al. (2004) described worse weight gain and feed conversion ratio of 21-and 42-d-old broilers.
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Torres TR, Ludke M do CM M, Ludke JV, Santos MJB dos, MR Lima, Santos PA dos Different PM cultivars present different productivity, nutritional composition, and grain texture (Hadimani et al., 2001) . Grain texture determines the effectiveness of grinding, affecting mill energy use and profitability. Dozier et al. (2005) observed that energy expenditure (in kWh/ton) increases in 30% when PM is ground to 2.4-mm mesh, resulting in a mean geometric diameter (MGD) of 492 µm, compared with the use of 3.2-mm mesh, producing a particles with 611-µm Dgw. Fine grinding increases the temperature of the ground fraction in 3.4 o C. Considering the results of those authors, the energy required for grinding and pelleting was reduced in 19% when manufacturing pelleted diets containing 50% PM ground finer. However, according to Hidalgo et al. (2004) , the use of whole-grain PM at 10% inclusion level in nutritionally balanced diets does not affect broiler performance or pellet quality.
The objective of the present study was to evaluate the performance, carcass traits, and organ weights of broilers fed mash or pelleted diets containing 20% whole-grain or ground PM until 21 days of age.
MAteRIAlS AND MethODS
Three hundred one-d-old male Ross chicks were distributed, according to body weight, in 30 identical pens (1.00 m x 1.95 m) inside a poultry house. A randomized block experimental design in a 3 x 2 factorial arrangement was applied. Treatments consisted of three nutritionally balanced diets [a reference diet based on corn and soybeans (RD), a diet with 20% whole-grain millet, and a diet with 20% ground millet (GM)] and two physical forms [mash (MASH) or pelleted (PELL)]. There were five replicates per treatment. Birds were vaccinated in the hatchery against Marek's disease, infectious bursal disease (IBD), and Newcastle disease, and were revaccinated against IBD and Newcastle disease in the poultry house at seven days of age.
Feeds were manufactured with ground feedstuffs in a hammer mill with a 2.00-mm mesh. During pelleting, water was heated to 80ºC at a ratio of 30% water and 70% mash in the conditioner. This homogenized material was then transferred to the pelleting press. The pelleted feed was placed on trays lined with newspaper and dried in a forced-ventilation oven at 55ºC for 16 hours. After pelleting, pre-starter diets were crumbled in a crumbler with a 2-mm mesh, and the starter diets were manually broken to achieve a diameter that allowed their ingestion by the birds.
The pre-starter diet was fed from one to seven days of age and the starter diet from eight to 21 days of age. Feed formulation was based on digestible amino acid, considering the requirements proposed by Rostagno et al. (2005) , as shown in Table 1 . Feed samples were collected after manufacturing to determine diet physical characteristics and for routine chemical analyses. Pellet hardness was determined according to the methodology described by Schmidt et al. (2009) . Feed apparent density was determined by pouring the sample into a test tube placed on a precision scale in order to prevent sample compaction, and the mass (weight) was recorded and expressed in g/L. Particle size was determined as described by the ANSI/ASAE Standards (2008), aiming at calculating Dgw and geometric standard deviation (Sgw) of the experimental feeds. Calculations were performed using the software program Softgran, version 2.0, developed by Embrapa Suínos e Aves (2011).
The duration of the experiment was 21 days, and water and feed were supplied ad libitum. Birds and feed residues in each experimental unit were weekly weighed, and mortality, when present, was recorded. Weight gain, feed intake, feed conversion ratio, and energy and protein efficiencies for weight gain were calculated for the pre-starter and starter phases.
On day 21, birds were weighed, andtwo birds per experimental unit, which body weight was close to the average weight of each pen, were selected. These birds were feed fasted for six hours, and then sacrificed by neck dislocation. Carcasses were then bled, scalded, plucked, and eviscerated. Hot carcasses and organs were weighed.Heart, gizzard, liver, pancreas and the small and large intestines were collected. Gizzards were opened and rinsed with water to remove their feed content, and were again weighed (empty gizzard weight) after fat removal. Total carcass fat was determined as the sum of abdominal fat, gizzard fat, and the fat around the ischium, surrounding the bursa of Fabricius, cloaca, and adjacent abdominal muscles. Digestive organ percentage was calculated as the ratio between organ weight and fasting live weight. The main parts were cut, and carcass yield and parts (breast, leg (drumstick+thigh), and wing) yields were determined. Carcass yield was determined as the ratio between carcass weight and fasting live weight, and parts yield were calculated as the ratio between parts weight and cold carcass weight.
Data homoscedasticity was analyzed by the test of Bartlett. Data were then submitted to analysis of variance using the statistical package Statistical Analysis Systems (SAS, 2000) . Means were compared by the test of Tukey at 5% probability level. Table 2 -Effect of diet formulation and physical form on average feed intake (FI, g/bird), weight gain (WG, g/bird), feed conversion ratio (FCR, g/g), energy efficiency (EE, kcal/g), and protein efficiency (PE, g/g) during the pre-starter (1-7 days) and starter (8-21 days) and total experimental period. a-b -Means in the same row followed by different lowercase letters are significantly different (p<0.05); P -probability; CV -coefficient of variation; D x PF -interaction between diet formulation and physical form.
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ReSUltS AND DISCUSSION
There was no effect of treatments on feed intake in the pre-starter phase, on feed conversion ratio and protein efficiency in the starter phase, or on weight gain in both evaluated phases (Table 2) . Considering the total experimental period of 21 days, there were no weight gain, feed intake, or feed conversion ratio differences among broilers fed the treatment diets. Davies et al. (2003) , feeding up to 66% ground PM to broilers, found that the performance and carcass yield of broilers fed up to 55% PM was equivalent or better than of those fed a typical corn-and soybean mealbased diet. Hidalgo et al. (2004) included up to 20% whole-grain PM in the diet and evaluated its digestion, measured by the presence of whole grains in the excreta at 14 days of age. It was determined that 98.5% of the whole grains were readily digested, and there were no differences in digestibility values among diets.
In the present experiment, diet physical form (MASH or PELL) influenced feed intake. Feed intake of the broilers fed the mash feeds was 6 and 4% higher compared with those fed the pelleted feeds during the pre-starter and the starter phases, respectively. These results are different from those reported by Dalke et al. (2001) , who evaluated mash and pelleted feeds with the same particle size. They found that broilers fed mash or pelleted diets presented the same feed intake. Energy expenditure to consume pelleted feeds is lower than that needed to consume finely-ground feeds. According to Klasing (2000) , poultry prefer to eat particles with an oval shape as they are easier to grasp, and therefore less time is required to feed. Hence, feed intake regulation depends on diet physical form, as poultry prefer large particles instead of finelyground meals (Moran, 1987) .
The use of pelleted feed promoted better weight gain, feed conversion ratio, and energy and protein efficiency compared with mash diets in both evaluated phases. Larger particles usually result in longer transit time due to the longer retention time of the feed in the gizzard (Carré, 2004) . This author mentions that literature data suggest that coarse grinding also reduces water excretion and often improve protein digestibility due to better control of intestinal transit via gastric emptying. Nagano et al. (2003) also obtained better average body weight and feed conversion ratio in 7-d-old broilers fed pelleted and extruded feeds compared with those fed mash feeds.
The interaction between diet formulation and physical form influenced weight gain, feed conversion ratio, and both energy and protein efficiency of the broilers in the pre-starter, but only energy efficiency in the starter phase (Table 3) . The details of the interaction show a negative effect of the inclusion of whole-grain PM on the performance of chicks fed the mash diet. During the pre-starter phase, chicks were heavier when the diet containing whole-grain PM was pelleted. Energy efficiency was better when birds were fed the pelleted diets in all evaluated phases. However, differences among pelleted diets were observed, with lower energy efficiency when whole-grain PM was added. During the pre-starter phase, the calculated protein efficiency of chicks fed the pelleted diet was affected by diet formulation. Those fed ground PM presented lower protein efficiency values compared with those fed pelleted the corn and soybean meal diet (RD), whereas similar values were obtained in those fed GM and RD in the mash form. During the pre-starter phase, weight gain was lower in the chicks fed the mash diet containing WGM, but there was no difference among those fed the pelleted diets, probably because the pelleting process reduced the selection of millet grains in the mash diet. Moreover, the use of energy and protein depends on the physical form of the consumed grain, and pellets may reduce ingestion time (Moran, 1987) and energy spent for food apprehension (Flemming et al., 2002) .
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Some of the observed interactions between diet formulation and physical form may be attributed to the physical characteristics of the diets. Pellet hardness values determined for the starter diets were 87, 86, and 86.4% for the WGM (whole-grain millet), GM (ground millet), and RD (reference diet), respectively. These values are higher than those described by Dozier et al. (2005) , who evaluated pelleted diets containing three different PM particle sizes and two PM inclusion levels. According to Moran (1987) , the hardness of good-quality pellets is 87%, whereas low-quality pellets present 23% hardness. Hidalgo et al. (2004) obtained a pellet hardness of 89% when including 10% PM in a starter diet. The values calculated in the present study are consistent with those published by Parsons et al. (2006) , who used corn with a Dgw of 491 µm. Nevertheless, pellet hardness depends on multiple and interdependent factors, such as processing temperature, feedstuff type, mill type and grinding degree, additive use, differences in the evaluation methods, etc.
During the pre-starter phase, the density of the mash diets (in g/L) was835, 846, and 845 for WGM, GM, and RD, respectively. The pelleted diets presented densities of 880, 920, and 910 for WGM, GM, and RD, respectively. Similar results were obtained for the starter phase, with mash diet density values of 880, 890, and 870 for WGM, GM, and RD, respectively, and 920, 915, and 935 for pelleted WGM, GM, and RD, respectively. The density values determined for the pelleted diets are higher than those described by Parsons et al. (2006) , who used finely-ground corn. The pelleted/crumbled diets in the pre-starter phase and the pelleted diets in the starter phase presented higher density than the mash diets. This result was expected, because pelleting changes particle texture or size, the attraction force among particles, and the number of contact points, as well as anti-agglomerating agents, affecting diet density, as mentioned by Passos Jr. & Bose (2002) .
The pelleted/crumbled diets fed in the pre-starter phase presented Dgw (in µm) of1029, 935 and 880 for the RD, WGM, and GM diets, respectively, withan associated Sgw of 2.28, 2.10, and 2.05, in the same order. Sgw represents the degree of lack of uniformity among feed particles. According to Nir et al. (1994) , broilers fed low-Sgw diets presented better weight gain and feed conversion ratio compared with those fed diets with higher Sgw. However, this depends on the type of cereal (corn, sorghum, wheat, or millet) in the diet, and therefore, different results are expected particularly because for the same type of mill and mesh, different cereals present similar Dgw, but their Sgw may be highly variable. The mash pre-starter diet presented Dgw values (in µm) of 736, 854 and 682 for the RD, WGM, and GM diets, respectively, withan associated Sgw of 1.83, 1.88, and 1.80. Flemming et al. (2002) compared mash pre-starter diets based on corn and soybean meal, with Dgw between 703 and 1058 µm, and obtained lower feed intake and weight gain in broilers fed the diet with the highest Dgw. However, there was no effect on broiler performance in the starter, grower, or finisher phases. This shows that, for broilers, the particle size of the mash diet affects their performance during the pre-starter phase. The pelleted/crumbled diets fed in the starter phase presented Dgw values (in µm) of 2735, 2556, and 2535 for RD, WGM, and GM, respectively, with associated Sgw, in the same order of 1.87, 1.76, and 1.97. The mash starter diets presented Dgw values (in µm) of 817, 881, and 724 for RD, WGM, and GM, respectively, with associated Sgw values, in the same order of 1.65, 1.89, and 1.68. In the pre-starter phase, independently of diet physical form, Dgw and Sgw were strongly and positively correlated (Table 4) . Table 4 -Values of the correlation between diet physical form and performance parameters in the pre-starter phase, when the interaction between diet formulation and physical form was significant. 
In the pre-starter phase, the density of the mash diets did not present any significant correlation with the evaluated performance parameters. However, in the Dgw range between 682 µm (GM diet) and 854 µm (WGM diet), there was an inverse relation between Dgw and performance. For instance, feed conversion ratio increased with Dgw, i.e., higher Dgw values worsened feed conversion ratio. On the other hand, the density of pelleted diets was positively correlated with weight gain, energy efficiency, and protein efficiency, and inversely correlated with feed conversion ratio (higher density promoted better feed conversion ratio).
In the pre-starter phase, the Dgw values of the pelleted diets was positively correlated only with energy and protein efficiencies, and negatively correlated with feed intake. The Sgw values followed the same trend. The higher the Dgw (and Sgw) values, the lower the feed intake, and due to a subtle feed restriction, energy and protein efficiencies improved.
During the starter phase, the density of the mash diets was negatively correlated with Dgw and Sgw values, and positively correlated with energy efficiency (Table 5 ). However, in the pelleted diets, density was positively correlated only with Dgw, and there was no significant correlation between Dgw and Sgw; however, Sgw was positively correlated with energy efficiency. This is an indirect effect of the marginal reduction in feed intake caused by higher Sgw values, as observed in the GM and RD diets. The absence of correlation between Dgw and Sgw in pelleted diets is due to the fact that pellets were manually crumbled to obtain the adequate diameter to allow diet ingestion by chicks between eight and 21 days of age. The evaluated diets did not influence carcass yield or parts yield (Table 6 ). However, carcass weight was significantly affected by diet physical form, with heavier carcasses obtained from broilers fed pelleted diets.
The interaction between diet formulation and physical form affected carcass weight, but no significant differences were detected when the interaction was detailed. Davis et al. (2003) evaluate different millet levels fed to broilers until 42 days of age and found that the inclusion of up to 50% PM in pelleted diets did not affect carcass yield.
Absolute and relative heart, liver, intestine, lung, spleen, and gizzard weights were not affected by diet formulation (Table 7) . Hidalgo et al.(2004) using whole-grain PM in mash diets reported an increase in gizzard relative weight when PM levels of 10% or higher were included in the diet of 15-d-old broilers. However, gizzard weight was affected by diet physical form, promoting higher weight and yield in the broilers fed mash relative to pelleted diets. The mash diet may have stimulated gizzard function, resulting in the expressive muscle development observed. Engberg (Engberg et al., 2002; Lopez & Baião, 2004) , showing that gizzard relative weight of broilers fed mash diets is greater than of those fed pelleted feeds. Diet physical form significantly affected heart weight, with higher values obtained in the broilers fed the mash diets. Total and relative abdominal fat weights were significantly influenced by diet formulation,with the diets containing PM, either as whole grain or ground, promoting higher values. As broilers fed RD and GM presented the similar numerical weight gain and feed conversion ratio values during the total experimental period, the higher abdominal fat content in the GMfed broilers was unexpected.The broilers fed WGM presented 10.5% and 17.3% heavier livers and intestines, respectively, compared with the those fed the RD diet; however, these differences were not statistically significant (p>0.05). Also the WGMfed birds had 32.4% higher abdominal fat content (p>0.05) and 26.6% reduction in pancreas weight (p>0.05) relative to RD-fed broilers.
There are multiple concurrent factors related to the treatments that influenced the observed results, including Dgw, Sgw, and diet density. All exerted some degree of influence in different moments, particularly on feed intake.
CONClUSIONS
The inclusion of 20% pearl millet in broiler diets, either as whole grain or ground, does not have negative effects on performance, carcass yield, or organ weight, independently of the feed is supplied as mash or pellets. Regardless the physical form of the feed, the inclusion of millet in the feeds increased abdominal fat deposition. a-b -Means in the same row followed by different lowercase letters are significantly different (p<0.05); p -probability; CV -coefficient of variation; D x PF -interaction between diet formulation and physical form.
